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High-quality two-qubit gate operations are crucial for scalable quantum information processing. Often, the
gate fidelity is compromised when the system becomes more integrated. Therefore, a low-error-rate, easy-to-
scale two-qubit gate scheme is highly desirable. Here, we experimentally demonstrate a new two-qubit gate
scheme that exploits fixed-frequency qubits and a tunable coupler in a superconducting quantum circuit. The
scheme requires less control lines, reduces crosstalk effect, simplifies calibration procedures, yet produces a
controlled-Z gate in 30 ns with a high fidelity of 99.5%. Error analysis shows that gate errors are mostly
coherence-limited. Our demonstration paves the way for large-scale implementation of high-fidelity quantum
operations.
Quantum information processor architectures are scaling up
at a fast pace, entering the Noisy Intermediate-Scale Quantum
(NISQ) era [1–6]. The prospect of demonstrating quantum
advantages with NISQ devices relies critically on continuing
extending the system size without compromising the quality
of quantum operations. Currently, two-qubit gate operation
is the performance bottleneck in various modalities [7–10],
and it generally deteriorates as more qubits, and hence more
control lines, are integrated together. Obviously, more con-
trol lines introduce additional decohering channels, exacer-
bates crosstalk, adds to the complexity of calibration proce-
dures. Therefore, a high-fidelity yet easy-to-scale two-qubit
gate scheme is the key to scalable quantum information pro-
cessing.
For high-scalability two-qubit gates, two ingredients are
highly desirable. First, the use of a tunable coupler between
qubits has been proven effective in resolving the problem of
frequency crowding, suppressing residual coupling, and en-
abling fast and high-fidelity two-qubit gates [2, 11–15]. How-
ever, humongous calibration efforts are required for precise
control, especially when both qubits and couplers are tun-
able and sensitive to crosstalk [2]. The iterative and exquisite
system tuning-up adds instability to processor performance,
hindering further scaling up. Second, fixed-frequency qubits
can drastically simplify the system, require less control lines
and have better coherence in general. Previous experiments
have demonstrated these advantages with non-tunable super-
conducting qubits made with single Josephson junction [16–
20]. However, two-qubit interactions in these schemes are
activated by parametrically driving the system, an inherently
slow process that is prone to decohering errors. An ideal solu-
tion is a two-qubit gate scheme which takes advantage of both
fixed-frequency qubits and tunable coupler, while maintaining
high fidelity.
In this work, we experimentally demonstrate a new two-
qubit gate scheme, compatible with fixed-frequency qubits,
in a superconducting quantum circuit. Effective longitudinal
qubit-qubit coupling can be adjusted by a single control pa-
rameter of a tunable coupler. With proper choice of the idling
point, the system has a residual coupling strength as small
as 20 kHz. Taking advantage of enhanced adiabaticity due to
strong qubit-coupler coupling (> 100 MHz), we realize a fast
(30 ns) and high-fidelity (99.5%) adiabatic controlled-Z (CZ)
gate. Error analysis from separate measurements shows that
the fidelity is limited mostly by decoherence. Moreover, our
scheme is intrinsically robust against crosstalk and requires
only a simple calibration sequence, promising better scalabil-
ity in practice.
Our experiment is performed on a superconducting quan-
tum circuit which consists of two Xmon qubits (Q1, Q2) [21]
and a transmon-type [22] tunable coupler (C) in between, as
shown in Fig. 1(a). Note that the first qubit is made tunable
for other experimental purpose [23]. Throughout this work, it
is biased at its maximum frequency, and can be treated as an
equivalent of a fixed-frequency qubit. The system Hamilto-
nian can be expressed as
H/~ =
∑
i=1,2,c
ωi a
+
i ai +
αi
2
a+i a
+
i aiai
+
∑
i6=j
gij
(
a+i aj + aia
+
j
)
, (1)
where a+i and ai are corresponding creation and annihila-
tion operators. ω1/2pi = 5.27 GHz and ω2/2pi = 4.62 GHz
are the qubit frequencies. The coupler frequency ωc is flux-
dependent, and is biased at 6.74 GHz during idling periods
and single-qubit gate periods. The corresponding anhar-
monicities are α1/2pi = −210 MHz, α2/2pi = −240 MHz,
and αc/2pi = −370 MHz. To speed up the two-qubit
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FIG. 1: Device schematic and concept of the adiabatic CZ gate. (a)
Simplified circuit schematic of the experimental sample. The two
qubits have a Xmon design, and the central tunable coupler is also
a transmon-type qubit. The all-capacitive-coupling architecture al-
lows convenient engineering of the nearest-neighbor (N.N.) and the
weaker next-nearest-neighbor (N.N.N.) couplings. Single-qubit op-
erations are implemented with local XY control lines. Two-qubit
gates are implemented by modulating the magnetic flux threading
the coupler’s SQUID loop ΦC with the local Z control line. The first
qubit is treated as an equivalent of a fixed-frequency qubit by setting
its loop flux Φ1 to zero throughout the experiment. Two λ/4 res-
onators, coupled to the same transmission line, are used for reading
out the qubit states simultaneously. (b) System eigen-energies as a
function of the coupler frequency. Only states in the two-excitation
manifold are shown. The adiabatic CZ gate is realized by a 30-ns flux
pulse applied to the coupler. The pulse assumes a simple half-period
cosine shape. The grey dashed line indicates the adiabatic trajectory
of an initial |101〉 state which follows the pink level. The smallest
gap between the pink state and the other states is about 190 MHz.
gate while minimizing unwanted transitions, our design fea-
tures enhanced coupling parameters. That is, g12/2pi =
12 MHz (between qubits), g1c/2pi = 122 MHz and g2c/2pi =
105 MHz (between qubit and coupler), much stronger than the
conventional Xmon design [21]. Each qubit has a local XY
control line for single-qubit operations, and is coupled to a
λ/4 resonator for readout. A local Z control line is used to ad-
just the flux threading the coupler loop, controlling two-qubit
interactions. More details about the device and experimental
setup can be found in Ref. [24].
To illustrate how the adiabatic CZ gate is implemented, we
may rewrite the system Hamiltonian in Eq. (1) using a generic
form in its energy-eigenbases (|Q1, C,Q2〉, labelled by the
approximate bare states when the coupler is far-detuned):
H ′/~ = ω˜1 |100〉 〈100|+ ω˜2 |001〉 〈001|
+ (ω˜1 + ω˜2 + χ12) |101〉 〈101| , (2)
after truncation to the computational subspace. The eigen-
energies ω˜1, ω˜2, χ12 are all ωc-dependent. χ12 represents
the effective longitudinal coupling between qubits, and is re-
sponsible for generating the entangling phase. Finite χ12 is a
consequence of interactions among higher levels, which can
be relatively strong in transmon-type qubits due to their weak
anharmonicity. The energy levels adjacent to |101〉 are plot-
ted in Fig. 1(b) as a function of ωc. In our two-qubit gate
scheme, we adiabatically adjust the coupler from an idling
bias (ωc=6.74 GHz) to a region where the bare state |101〉 in-
teracts more strongly with other levels and then back to the
original bias. Non-zero χ12 during this process leads to a
controlled-phase operation or a CZ gate if the total accumu-
lated phase is pi.
Here, we emphasize that the strong coupling between |101〉
and |011〉 is not the sole cause of χ12, because |011〉 alone
would have exactly the same level-pushing effect to |101〉 as
|010〉 would do to |100〉, leading to a trivial single-qubit fre-
quency shift. In fact, the non-trivial interaction mainly arises
from the coupling between |101〉 and |200〉. This coupling
may become much stronger when their interaction-mediating
state |110〉 is tuned close to them. Our scheme may further
benefit from this effect with an optimized set of device pa-
rameters [25].
The adiabatic process is supposed to be slow enough
to avoid unwanted transitions, e.g., leakage to non-
computational states [26]. In the conventional fixed-coupling
architecture, the limit on the adiabatic CZ gate speed is set
by the qubit-qubit coupling strength. With the introduction
of a tunable coupler and its strong couplings to qubits, non-
adiabatic effect can be effectively suppressed in the relevant
region for two-qubit interactions. In our device, the minimum
gap between |101〉 and other states, a key factor in determin-
ing adiabaticity, is about 190 MHz, much greater than that
in the conventional scheme. Also, we find that our scheme
adds robustness in adiabaticity against parameter instability
and pulse distortion. Detailed explanations can be found in
the supplement [24]. Other non-adiabatic approaches that take
advantage of the interference effect can also facilitate the gate
speed [27–29], but may become sensitive to pulse distortion,
adding instability to gate performance.
In our experiment, we first measure the longitudinal cou-
pling strength at different coupler frequencies, i.e., χ12(ωc),
from a conditional Ramsey-like experiment, as detailed in
Fig. 2. The dynamic range of the longitudinal coupling
strength spans more than three orders of magnitude, from
20 kHz to 100 MHz, enabling fast two-qubit gate operations
as well as small residual coupling. The results are in good
agreement with numerical simulation using our device param-
eters. Notably, since the two qubits have relatively large de-
tuning (|ω1 − ω2| > |α1|), there is no working bias such that
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FIG. 2: Tunability of the longitudinal coupling. (a) In the top panel
is the control sequence which performs a Ramsey-like sequence on
Q2 conditioning on the state ofQ1 in order to extract the longitudinal
coupling. Between the two pi/2-pulses applied to Q2, a square-like
flux pulse with amplitude Vb and duration τ is applied to the coupler.
The phase shift induced by this pulse is captured by Q2 with the
Ramsey-like sequence. In our experiment, the phase of the last pi/2-
pulse is a varying parameter (indicated by the circling arrow) so that
a full oscillation can be resolved, as shown in the bottom panel. Data
(markers) are fitted (solid lines) by a sinusoidal function to extract
the differential phase (∆φ) between the cases of Q1 being at the
ground (green) or excited (yellow) state. (b) Effective longitudinal
coupling strength χ12 as a function of the coupler frequency. χ12
can be derived from the previous results in (a) by the relation ∆φ =
χ12τ . The experiment is repeated with different pulse amplitudes Vb
and fixed τ = 50ns (500ns) for larger (smaller) Vb. Together with
separately measured coupler spectrum [24], we obtain χ12(ωc) (blue
dots), which is in good agreement with numerical results (red line).
We choose ωc/2pi = 6.74 GHz as the idling point in subsequent two-
qubit gate experiments, due to the small residual coupling (20 kHz).
Note that the negative of χ12 is plotted here.
the coupling can be turned off completely. This is different
from the case when the two qubits are prepared to be near-
resonance [2, 12]. However, we can still find a minimum cou-
pling that is small enough (20 kHz) for practical applications.
Next, we calibrate the adiabatic CZ gate. As shown in
Fig. 1(b), the 30-ns flux pulse assumes a half-period cosine
shape, with rising and falling edges smooth enough for adia-
batic evolution at this time scale. A conditional Ramsey ex-
periment similar to the one shown in Fig. 2(a) is used for cali-
brating the amplitude of the flux pulse, the only free parameter
at this step. We obtain a CZ gate when the conditional phase
shift satisfies ∆φ = pi, and also find out the parasitic single-
qubit phases, later to be compensated by virtual-Z gates [30].
For subsequent randomized benchmarking (RB) experiments,
these parameters are further optimized using the RB results as
the cost function [31].
We assess our gate performance by the conventional
Clifford-based RB method [32–34]. A reference RB exper-
iment is performed by applying multiple random sequences
composed of two-qubit Clifford gates C2, followed by a re-
covery gate Cr to invert the overall operation. The results are
finally averaged over 100 random samples. An CZ-interleaved
RB experiment is the same except for additional CZ gates in-
serted to the reference RB sequence. Figure 3(a) shows the
measured system ground-state probability or sequence fidelity
as a function of the number of two-qubit Cliffords m for both
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FIG. 3: Fidelity analysis of the adiabatic CZ gate. (a) Measured sys-
tem ground-state probability or sequence fidelity (100 averages) as a
function of the number of Cliffords for both the reference (blue) and
interleaved (red) RB experiments. Error bars are the standard devi-
ations from the mean. We obtain the decay constants, pref and pint,
from exponential fit, F = Apm +B (solid lines), and then the error
rate per Clifford, rref and rint, from r = 34 (1− p). We can also
extract the CZ gate error from rCZ = 34 (1− pint/pref) and the CZ
gate fidelity from FCZ = 1− rCZ . Numbers inside the parentheses
are the uncertainties in the last digit, determined by bootstrapping.
(b) Effective energy relaxation time T1 (green bar) and pure dephas-
ing (Gaussian decay) time Tφ (orange bar) during the adiabatic CZ
gate. The results are calculated by averaging over ωc, weighted by
the actual pulse shape (see Ref. [24] for details). The blank out-
lines indicate measured characteristic times when the coupler is at
the idling point. The effective/idling T1 times are 6.54µ/10.33µs for
Q1, and 9.48µs/11.88µs for Q2. The effective/idling Tφ times are
0.49µs/8.86µs forQ1, and 7.21µs/17.63µs forQ2. (c) Pulse-induced
transitional error by the CZ gate for different joint states. Inset is the
control sequence. The qubits are prepared at the four different joint
states with conditional pi-pulses. In each case, a varying number (m)
of identical CZ gates are repeatedly applied. The final decay curves
(versusm) are compared with a reference case in which CZ gates are
replaced by identity gates of the same length, so that additional tran-
sition rates or errors due to the pulsing can be extracted (see Ref. [24]
for details). The error per gate for each joint state is 0.005, 0.14, 0.15,
and 0.23, respectively, in the same order as in the plot (orange bars).
The additional errors from the shortening of energy relaxation times
during pulse are calculated by comparing the effective and idling T1
times in (b) and shown for comparison (purple bars).
the reference and CZ-interleaved cases. With exponential fit,
we obtain the average error per Clifford rref = 0.0278(3) and
rint = 0.0328(3). By comparing the two traces, we can also
extract the CZ gate error rCZ = 0.0052(4) and fidelity FCZ =
0.9948(4). As a consistency check, we may re-evaluate the
reference RB result by rref = 1.5 rCZ + 8.25 r1q = 0.0185
(given single-qubit gate error r1q = 0.0013(1) [24]), which is
about 70% of the measured result shown in Figure 3(a). We
4suspect that the remaining difference results from distortion
of the flux pulse that degrades the single-qubit gate quality.
To estimate the decoherence error, we first obtain the ef-
fective energy relaxation time T1 and pure dephasing time
Tφ during the CZ gate [Fig. 3(b)]. Obviously, the effective
T1 and Tφ times are lower than those during idling periods,
a consequence of the stronger interaction between the qubits
and the less coherent coupler during the CZ pulse. In par-
ticular, Q1, the qubit of higher frequency, has stronger inter-
action with the coupler than Q2, leading to a much shorter
effective Tφ ≈ 0.5 µs. The RB sequence, however, is in-
sensitive to pure dephasing caused by low-frequency noise,
because the relatively slow phase excursion is randomly dis-
rupted or, in many occasions, even well-refocused by the
single-qubit gates in the RB sequence. The (Gaussian) pure
dephasing from Q1 contributes 13 (τgate/Tφ)
2 = 0.12% to
gate errors [35], where τgate = 30 ns is the pulse duration.
The contribution from Q2 ( 0.01%) is negligible. The T1
contribution to gate errors can be estimated by an empirical
relation, 23
(
τgate/T¯
eff
1 + τspacing/T¯
idle
1
)
, where T¯ eff1 (T¯
idle
1 )
is the average effective (idling) T1 of the two qubits, and
τspacing = 4 ns is the iner-pulse spacing. Thus the T1 pro-
cess leads to a gate error of 0.28%. Therefore, decoherence,
including both T1 and Tφ processes, accounts for about 77%
of the total gate error, while leakage and other control errors
make up no more than 23%.
To validate our analysis, we perform a separate experiment,
measuring the pulse-induced transitional errors on each of the
four joint eigen-states, as detailed in Fig. 3(c) and Ref. [24].
The extracted transition rates per gate are the additional errors
caused by the CZ pulse, compared to the identity operation.
Therefore, this pulse-induced transitional errors include addi-
tional energy relaxation during gate and other unwanted tran-
sitions such as leakage. For most of the joint states, the results
are in good agreement with the additional T1 contribution cal-
culated from Fig. 3(b), except for the |001〉 state. The aver-
aged error difference is (0.016 ± 0.046)%, suggesting small
leakage error.
Finally, we discuss the scalability of our scheme from
the perspective of crosstalk and calibration. Consider a 2D
qubit array for implementing surface code [36], as shown in
Fig. 4(a). With the problem of frequency crowding addressed
by tunable couplers, we may pattern the qubit array with an
interleaved frequency setup. Such an arrangement provides
robustness against the XY-line crosstalk between neighboring
qubits, because of the ineffectiveness of driving a qubit with
a frequency-detuned signal. More importantly, our scheme is
also intrinsically robust against the Z-line crosstalk. Given
that the maximum frequency of the coupler can be designed
to be at the idling point (minimum residual coupling), the lon-
gitudinal coupling becomes doubly insensitive to flux varia-
tions, since both χ12(ωc) and ωc(ΦC) are at first-order insen-
sitive points. With our device parameters, a 10% flux crosstalk
from neighboring Z drive only incurs an additional coupling
less than 1 kHz.
In our gate scheme, the calibration procedures for finding
Q1 Q2C2
C1
Q2
Q1 1-q gate
2-q gate
2-q RB opt.
Readout
2D qubit array
Calibration flow
(a)
(b)
FIG. 4: Considerations on crosstalk and calibration. (a) Layout of
a surface-code-compatible qubit array implementing our two-qubit
gate scheme. Blue and gray squares represent qubits with different
frequencies. The single-qubit (XY) control signals of two neigh-
boring qubits (Q1 and Q2) have different frequency components, so
their crosstalk has little influence on qubits. The two-qubit (Z) con-
trol signals applied to the tunable couplers (purple squares) share the
same bandwidth. However, even such a Z (flux) crosstalk between
neighboring couplers (C1 and C2) is strong, it does not necessarily
have strong influence on the system dynamics. If the maximum fre-
quency of the coupler is designed to be at the idling point (minimal
residual coupling) as shown in Fig. 2(b), an idling coupler becomes
insensitive to flux, and the longitudinal coupling is also insensitive to
the coupler frequency. (b) Example calibration sequence with our
scheme. Each dot represents a separate calibration measurement.
Typically, an initial readout pulse calibration is followed by a se-
ries of single-qubit gate calibration steps. Then, single-shot readout
calibration is implemented before the two-qubit gate calibration se-
quence. For two-qubit RB experiments, we append a set of extra
measurements to fine-tune the control parameters (dashed circles).
the optimized system and control parameters are also dras-
tically simplified. A typical routine calibration flow in our
experiment is drawn in Fig. 4(b), after the coupler’s idling
point was chosen. Since the qubits are fixed-frequency and
the couplers are insusceptible to crosstalk, the calibration pro-
cess does not require iterative (cross) tuning-ups or compli-
cated check procedures. Single-qubit and two-qubit control
parameters are calibrated separately in turn. The graph of the
5calibration flow contains only a directed path without branch-
ing. The simplicity of our scheme not only reduces calibration
procedures, but also adds stability to performance by lowering
the probability of failure or bad events [37], enabling reliable
full-scale automated calibration of a large-scale processor.
To conclude, we experimentally demonstrate a new type of
adiabatic CZ gate with fixed-frequency qubits and a tunable
coupler in a superconducting quantum circuit. With a large
ON/OFF ratio (> 1000) of the effective coupling which is
adjusted by the coupler frequency (flux), we achieve small
residual coupling (20 kHz) and fast CZ gate (30 ns). A
high gate fidelity of 99.5% is obtained from interleaved ran-
domized benchmarking, with error analysis showing mostly
coherence-limited gate error. The gate performance may fur-
ther benefit from optimized pulse shape for faster adiabatic
process [38] and from coherence improvement with new ma-
terial platform [39]. Also, our scheme is easy-to-scale due to
its intrinsic robustness against crosstalk and a simple calibra-
tion flow. This high-fidelity, high-scalability two-qubit gate
scheme promises reproducibly high-quality quantum opera-
tions in future large-scale quantum information processors.
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2I. THE DEVICE
A. Device parameters and experimental setup
The device is fabricated with aluminum on sapphire substrate. Relevant device parameters are summarized in Table S1. The
device is mounted inside a dilution refrigerator at a base temperature of about 10 mK. Fridge wiring and measurement circuitry
are shown in Fig. S1. We perform the standard circuit-QED measurements.
TABLE S1: Device parameters.
Parameters (MHz) Q1 Q2
Resonator frequency (ωR1/2pi , ωR2/2pi) 6955 7002
Qubit frequency (ω1/2pi , ω2/2pi) 5271 4615
Qubit anharmonicity (α1/2pi , α2/2pi) -210 -240
Coupler frequency (idling) 6704
Coupler anharmonicity (αc/2pi) −370
Qubit-coupler coupling (g1c/2pi , g2c/2pi) 122 105
Qubit-qubit direct coupling (g12/2pi) 12
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FIG. S1: Wiring diagram and circuit components.
3B. Z crosstalk
In order to use qubit Q1 (tunable) as a fixed-frequency qubit, its flux bias has to be set to zero throughout the experiment.
Therefore, we characterize and compensate crosstalk of Z control lines between qubit Q1 and the coupler. The crosstalk coef-
ficients (about 8%) are derived from measuring the frequency response to the control lines. However, when qubit Q1 is biased
at its maximum frequency as in all subsequent experiments, its frequency becomes insensitive to flux variation, adding extra
robustness against crosstalk. Therefore, it is valid to treat qubit Q1 as a fixed-frequency qubit in our experiment.
C. Coupler spectrum
Due to strong coupling between Q2 and the coupler, there is a frequency shift of Q2 depending on the coupler state. We take
advantage of this effect to measure the spectrum of the coupler [1]. The pulse sequence and the measured results are shown in
Fig. S2. The two visible avoided crossings correspond to the couplings between the coupler and the two qubits, from which the
coupling strengths g1c and g2c can be extracted.
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FIG. S2: Measured coupler spectrum with corresponding pulse sequence (inset). The coupler is pulse-biased to a varying amplitude Vb while
driven by a microwave pulse applied to the XY control line of qubit Q1. Transitions occur when the drive frequency is on resonance with the
pulse-biased coupler frequency. Due to strong coupling between the coupler and Q2, a coupler-state-dependent frequency shift of Q2 can be
used to distinguish the coupler state by probing R2 after a selective pi-pulse on qubit Q2. On the greyed color plot, red dashed lines are the
measured transitions and the blue solid line is the fitted bare coupler spectrum. The smallest gaps of the two avoided crossings indicate twice
the coupling strength.
4II. ENHANCED ADIABATICITY
In general, the adiabatic condition in an adiabatic process between any two states, |m〉 and |n〉, is defined by the relation:
βnm =
∣∣∣∣ h¯〈n|∂H/∂ t|m〉(En−Em)2
∣∣∣∣= ∣∣∣∣ h¯〈n|m˙〉Em−En
∣∣∣∣ 1,n 6= m. (S1)
βnm quantifies the unwanted leakage. Here, we compare two protocols of adiabatic CZ gate, which are constructed by modulating
the frequency of tunable qubits[2, 3] or the frequency of the tunable coupler as done in our work. Summing over all the possible
leakage states, we can rewrite Eq. S1 as
βm = ∑
n6=m
∣∣∣∣ h¯〈n|∂H/∂ t|m〉(En−Em)2
∣∣∣∣=
(
∑
n6=m
| h¯〈n|∂H/∂ f |m〉
(En−Em)2 |
)∣∣∣∣∂ f∂ t
∣∣∣∣ , (S2)
where f denotes the frequency of the tunable coupler. Note that the ramping speed of frequency |d f/dt| can be modulated
with different pulse waveforms. Normally, |d f/dt| ∼100 MHz/1 ns in a rapid gate. The energy structure and the corresponding
non-adiabaticity factor,
β = ∑
n6=m
| h¯〈n|∂H/∂ f |m〉
(En−Em)2 |, (S3)
are then crucial quantities in our discussion.
Using the energy structure of our device, we calculate the effective ZZ coupling χ12 and the factor β as a function of the
coupler frequency, and compare them to the conventional scheme without a tunable coupler (Fig. S3). We find that, with a
tunable coupler, the strongest β experienced during the pulse is near two-orders-of-magnitude smaller than the conventional
scheme, enabling faster and lower-leakage adiabatic controlled-phase gate. Also, we notice that there is a flat response region in
β after the coupler being tuned across the higher-frequency Q1 during the process of our pulse. This suggets that our scheme
has intrinsic robustness against instability of control parameters and pulse distortion.
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FIG. S3: Simulated ZZ-coupling (top panel) and β f (bottom panel) versus the frequency detuning ∆. ∆= ω1−ω2 in the conventional scheme
of using a tunable qubit (orange lines; parameters are from Ref. [4]); ∆ = ωc −ω2 in our scheme of using a tunable coupler (blue lines;
parameter are from our device). The dashed vertical lines correspond to the maximum amplitude of the modulation pulses. In the case of
using a tunable coupler, β f is near two-orders-of-magnitude smaller in the relevant region for two-qubit interactions, indicating enhanced
adiabaticity.
III. ERROR ANALYSIS
A. Single-qubit gate randomized benchmarking
We perform standard RB experiment for single-qubit gates on both qubits simultaneously. The results are shown in Fig. S4.
The average single-qubit gate infidelity is 0.16% for Q1 and 0.10% for Q2.
B. Frequency-dependence of coherence times
The energy relaxation time T1 and pure dephasing time Tφ of qubit Q1 and Q2 are measured as a function of coupler frequency,
with the experimental results shown in Fig. S5. These measured data are used for generating Fig. 3(b) in the main text. The
effective T1 (Tφ ) is obtained by integrating the error rates of energy relaxation (pure dephasing) over different coupler frequencies
weighted by the actual half-period cosine pulse shape.
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FIG. S5: Energy relaxation (top) and Gaussian pure dephasing (bottom) times v.s. the coupler frequency. The frequency corresponding to the
maximum pulse amplitude is marked with the black dashed line.
C. Pulse-induced error
Figure S6 shows the measured data used for generating Fig. 3(c) in the main text. The experiment is used to characterize the
extra errors induced by the CZ gate pulse. Note that these extra errors include both control and decoherence errors. Control errors
may include unwanted transitions, e.g. leakage to non-computational states. Decoherence errors are additionally accumulated
errors due to the change of energy relaxation time during the CZ pulse, referenced to the idling situation.
Note that the |00〉 state is supposed to give a flat response, because the adiabatic CZ state should have almost no effect on the
|00〉 state. However, we still observe a slight rising with pulse number in the measured population. One possible explanation
is the CZ pulse may facilitate converting residual thermal or non-equilibrium excited-state populations to the ground state. The
pulse-induced error of |00〉 state is extracted from the difference of the slopes of the two linear fits. For the other three cases,
the two population decay curves are fitted with an exponential decay function F = Apm+B, giving two decay constants pId and
pCZ. The corresponding error rates are extracted by r = 34 (1− pCZ/pId).
[1] X. Li, T. Cai, H. Yan, Z. Wang, X. Pan, Y. Ma, W. Cai, J. Han, Z. Hua, X. Han, et al., “A tunable coupler for suppressing adjacent
superconducting qubit coupling,” arXiv:1912.10721 (2019).
[2] J. M. Martinis and M. R. Geller, “Fast adiabatic qubit gates using only σz control,” Phys. Rev. A 90, 022307 (2014).
[3] R. Barends, J. Kelly, A. Megrant, A. Veitia, D. Sank, E. Jeffrey, T. C. White, J. Mutus, A. G. Fowler, B. Campbell, et al., “Superconducting
quantum circuits at the surface code threshold for fault tolerance,” Nature 508, 500 (2014).
[4] M. Kjaergaard, M. E. Schwartz, A. Greene, G. O. Samach, A. Bengtsson, M. O’Keeffe, C. M. McNally, J. Braumu¨ller, D. K. Kim,
P. Krantz, et al., “A quantum instruction set implemented on a superconducting quantum processor,” arXiv: 2001.08838 (2020).
7m - Number of cycles m - Number of cycles
) )I X 
) )I X ) )Identity gateor CZ gate ) )I X ) )
I 
X 
Q
Q
〉0|
〉0| m(a)
〉00| 〉01|
〉10| 〉11|
(b) (c)
(d) (e)
0.92
0.90
0.88
0.86
Po
pu
la
tio
n
 Identity gate
 CZ gate 0.8
0.6
0.4
 Identity gate
 CZ gate
0.8
0.6
0.4P
op
ul
at
io
n
4003002001000
 Identity gate
 CZ gate
0.8
0.6
0.4
0.2
4003002001000
 Identity gate
 CZ gate
FIG. S6: The pulse-induced errors. (a) The pulse sequence for extracting the pulse-induced errors. A number of m repeated CZ (or Identity)
gates are applied. Optional pi-pulses before the pulse train are used to prepare the state to |00〉, |01〉, |10〉, and |11〉. They are inverted back
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